A possible role for a protein kinase, PKN, a fatty acid-activated serine/threonine kinase with a catalytic domain homologous to the protein kinase C family and a direct target for Rho, was investigated in the pathology of Alzheimer's disease (AD) using a sensitive immunocytochemistry on postmortem human brain tissues and a kinase assay for human tau protein. The present study provides evidences by light, electron, and confocal laser microscopy that in control human brains, PKN is enriched in neurons, where the kinase is concentrated in a subset of endoplasmic reticulum (ER) and ER-derived vesicles localized to the apical compartment of juxtanuclear cytoplasm, as well as late endosomes, multivesicular bodies, Golgi bodies, secretary vesicles, and nuclei. In AD-affected neurons, PKN was redistributed to the cortical cytoplasm and neurites and was closely associated with neurofibrillary tangles (NFTs) and their major constituent, abnormally modified tau. PKN was also found in degenerative neurites within senile plaques. In addition, we report that human tau protein is directly phosphorylated by PKN both in vitro and in vivo. Thus, our results suggest a specific role for PKN in NFT formation and neurodegeneration in AD damaged neurons.
other kinases are present. In addition, it remains to be elucidated which kinases modulate tau phosphorylation in vivo.
Recently we have found a novel 120 kDa lipid-activated serine/ threonine kinase, PKN, which consists of a regulatory N-terminal region containing unique repeats of a leucine zipper-like motif and a C-terminal catalytic domain highly homologous to that of the protein kinase C (PKC) family Kitagawa et al., 1995) . In vitro, the amino-terminal region of PKN binds to GTP-Rho, activating PKN (Amano et al., 1996; Shibata et al., 1996; Watanabe et al., 1996) , and to the head rod of intermediate filament proteins such as neurofilament, vimentin, and glial fibrillary acidic protein, leading to an inhibitory regulation of polymerization and fibril formation (Mukai et al., 1996a; Matsuzawa et al., 1997) into intermediate filament, a second major component of the cytoskeleton. PKN also interacts with ␣-actinin cross-linking actin, a third major component of the cytoskeleton . Thus PKN may play important roles in the assembly or stabilization of various cytoskeletal proteins.
PKN is ubiquitously expressed but is enriched in brain (Kitagawa et al., 1995) . To characterize the PKN pathway in ADaffected neurons, we have attempted to localize PKN immunocytochemically and to identify other target proteins interacting with PKN in human brain tissue. Here we report that PKN localizes in abnormal straight and paired helical filaments and in endoplasmic reticulum (ER)-derived vesicles closely associated with intracellular NFTs in damaged AD neurons, and that PKN directly phosphorylates human tau protein both in vitro and in vivo.
MATERIALS AND METHODS
Human brain tissue used. T wenty-five autopsied human brains were used in this study. T welve of the brains came from cases without neurological disorders (seven males, five females; age range, 56 -89 years; mean age Ϯ SEM, 74.5 Ϯ 11.8 years), and 13 came from sporadic AD cases (six males, seven females; age range: 58 -90 years; mean age Ϯ SEM, 76.8 Ϯ 9.1 years). All experiments using human subjects were performed in compliance with the policies and principles contained in the Federal Policy for the Protection of Human Subjects [United States Office of Science and Technology Policy (1991) ] and in the Declaration of Helsinki (1984) .
Immunoblot anal ysis. A polyclonal antibody, ␣C6, was raised in rabbit against a recombinant C -terminus protein corresponding to residues 863-946 of rat PK N . C ytoplasmic extracts were prepared from the appropriate postmortem brains of control and AD patients. The brain tissues were homogenized with a polytron in 10 vol of ice-cold 20 mM Tris-HC l, pH 7.4, containing 5 mM EDTA, 5 mM EGTA, 10 mg /ml leupeptin, 10 mg /ml pepstatin, and 2 mM phenylmethyl sulfonate, and mixed with SDS-PAGE sample buffer. The total brain homogenates were then transferred to poly vinylidene difluoride membranes (Millipore, Bedford, M A), which were incubated with ␣C6 diluted at 1:2000 and then soaked in 0.01 M PBS, pH 7.4, containing 0.3% Triton X-100 and HRP-conjugated donkey anti-rabbit IgG (Amersham, Buckinghamshire, UK). Immunoreactive bands were visualized by using the enhanced chemiluminescence method on a hyperfilm ECL (Amersham). Preincubation of the antibody either with the recombinant protein used as the immunogen or with the glutathione S-transferase (GST)-f ull PK N f usion protein eliminated the bindings of ␣C6 both to human brain tissues and to the recombinant PK N protein on the membranes (data not shown). Such elimination of staining did not occur if the preincubation was with control peptides or with GST protein.
Immunoc ytochemistr y. The fixation and processing of human brain tissues, including cerebellum, brainstem, thalamus, striatum, basal forebrain, hippocampus, entorhinal cortex, amygdala, midfrontal gyrus, precentral and postcentral gyri, angular gyrus, primary visual cortex, and superior temporal gyrus, and the immunohistochemical examinations were performed as described previously (Kawamata et al., 1993) .
For immunoelectron microscopic study, the stained sections were post-fixed in 1% osmium tetroxide, dehydrated in graded alcohol, and flat-embedded in Epon W E812 (Wako, Osaka, Japan). Ultrathin sections were examined by using a Hitachi H-7100 electron microscope at 75 kV.
Colocalization of PK N-positive structures with such organelles as ER, (Mori et al., 1989) . The f ull-length coding region ligated to pGEX4T vector (Pharmacia, Uppsala, Sweden) was transformed into DH5␣ cells. E xpression and purification of GST or GST-tau f usion protein were performed according to the manufacturer's instruction (Pharmacia). Lysates were cleared by centrif ugation, filtered, and loaded overnight at 4°C onto a glutathioneSepharose 4B column (Sigma). GST-tau f usion protein was eluted by adding 15 mM reduced glutathione (Sigma) to the buffer and appeared homogenous on Coomassie blue-stained SDS-PAGE.
pGFP-N3/GST vector was constructed by subcloning the cDNA fragment for the coding region of GST prepared by PCR from a pGEX4T vector into XhoI site of pGFP-N3 vector (C lontech, Palo Alto, CA). phPK N-H4 was digested with SalI, and the resultant insert fragment was subcloned into the SalI site of the pGFP-N3/GST vector. The insert fragment for GST-tagged f ull length of human PK N was obtained by digesting the resultant vector with KpnI, blunting with T4 DNA polymerase, ligating with NcoI linker, and digesting with BglII /NcoI. pBlueBacHis/GST/ PK Nf for expression of 6ϫ Hisand GST-tagged f ull length of human PK N in Sf9 cells was constructed by subcloning the insert fragment into pBlueBacHis-C (Invitrogen, C arlsbad, CA). To generate the recombinant baculovirus, pBlueBacHis/ GST/ PK Nf was cotransfected with BacVector-2000 Triple Cut Virus DNA into Sf9 cells. Isolation, amplification, and expression of baculovirus were performed according to the manufacturer's instruction (Novagen, Madison, W I). Recombinant PK N was first purified with Ni-N TA agarose from lysates of infected Sf9 cells according to the protocols for purification under native conditions (Qiagen, Chatsworth, CA) and was f urther purified by loading the eluate from Ni-N TA agarose onto glutathione-Sepharose 4B (Pharmacia).
pTB701/ PK N/AF3 was constructed by insertion of the cDNA fragment encoding amino acids 561-942 of PK N into mammalian expression vector pTB701 (Ono et al., 1988) . pTB701/ PK N/AF3(K644E) was generated by Quik Change Site-Directed Mutagenesis K it (Stratagene, La Jolla, CA) from pTB701/ PK N/AF3 to mutate the lysine residue (amino acids 644) at the ATP binding site of the protein kinase domain to glutamic acid.
Kinase assay. The phosphorylation of tau by PK N was assayed at 30°C in a reaction mixture containing 20 mM Tris/HCl, pH 7.5, 4 mM MgC l 2 , 100 M ATP, 185 kBq of [␥- 32 P] ATP, recombinant tau protein, and 50 ng of recombinant PK N, with or without 40 M arachidonic acid, as indicated in each experiment. The reaction was terminated by adding an equal volume of Laemmli's sample buffer after the indicated time in each experiment, followed by separation on SDS-PAGE. The gel was dried under vacuum, and the phosphorylation was visualized and quantified by an imaging analyzer, F UJI BAS2000.
Human neuroblastoma SK-N-MC cells transfected with pTB701 vector, pTB701/ PK N/AF3 (catalytically active variant of PK N), and pTB701/ PK N/AF3(K644E) (catalytically inactive variant of PK N) were pulse-labeled in medium supplemented with 50 C i /ml carrier-free A, In a representative neuron from the angular cortex of a control case, PK N was concentrated in many small or large vesicles accumulating in the proximal dendrites and cell bodies, especially the nucleus and perinuclear region. The axon (arrowhead) was weakly stained. Some immunoreactive dots looked like synaptic boutons (arrows) on dendrites. B, Dendrites, axons, and the cytoplasm just under cell membranes were strongly immunostained in a surviving neuron in AD angular gyrus, whereas PK N immunoreactivity was slightly decreased in or around the nucleus. Axonal immunoreactivity (arrowhead) was greater than that in control neuron. C, In the molecular layer (Figure legend continues) 
RESULTS

Characterization of PKN antibody
Immunoblot analysis revealed that the ␣C6 antibody against PKN detected a single band in total brain homogenates from human control and AD cases at 120 kDa ( Fig. 1) , which corresponds to the full-size PK N molecule as noted in rat brain (K itagawa et al., 1995) . There was not much difference in PK N immunoreactivity between human control and AD brains.
Cellular localization of PKN in human control and AD brains
PKN was localized by immunocytochemistry at the light and electron microscopic levels. The expression of PK N was mostly ubiquitous, appearing in all layers of the neocortex, all subfields of hippocampus, and all brain regions examined. PK N immunoreactivity in control brains was virtually restricted to neurons, whereas some glia-like cells were immunostained in addition to surviving neurons in AD brains. In control brains, large neurons, such as pyramidal cells, were stained more intensely than small neurons, such as granule cells. In normal neurons, many coarse or fine granules positive for PK N were located in or around the nucleus, with a small number of the granules distributed in the proximal portion of dendrites or axons (Fig. 2 A) .
By contrast, additional or predominant redistribution of PKN to the periphery was seen in degenerating neurons in AD hippocampus and angular cortex (Fig. 2 B) . Because of such redistribution, PK N immunoreactivity in the distal portions of dendrites and axons was markedly upregulated in AD hippocampus (Fig.  2C ). PK N was vigorously accumulated in synaptic boutons and dystrophic axons. Degenerating neurites were intensely labeled for PK N within weakly positive SPs (Fig. 2 D) . Neuritic pathologies such as intracellular N F Ts and degenerative neurites were decorated with PK N in AD hippocampus (Fig. 2 E) . No extracellular tangles were immunoreactive for PK N.
Subcellular localization of PKN in human control and AD neurons
Electron microscopic analysis of PK N-positive control neurons revealed that strong immunoreactivity was present mainly in the juxtanuclear, cytoplasmic, and dendroplasmic compartments, and in presynapses and postsynapses. Dense labeling was associated with ER, multivesicular bodies, microtubules, and many small vesicular structures, whereas weak immunoreaction was seen in the nucleoplasm (Fig. 3A) . Dense PK N immunoreactivity was also detected in ribosomes and late endosomes and along the Golgi-secretory pathway (Fig. 3B) . The membranes of these vesicles appeared highly immunoreactive for PK N. In synapses, the ER-related spine apparatus in the postsynapse was clearly labeled for PK N, as were many synaptic vesicles in the presynaptic bouton (Fig. 3C) . In a damaged AD neuron bearing a small NFT, straight or twisted tubules in the tangle were strongly stained for PKN and were decorated with numerous small vesicles intensely labeled for PK N (Fig. 3D ).
Intraneuronal accumulation of PKN in specific organelles
The intraneuronal colocalization of PKN with selected organelles and PHF pathology was also investigated with confocal laser microscopy. PKN immunoreactivity was distributed in a subset of ER, which in normal neurons appeared in the nuclear or perinuclear compartments and in the apical part of cell soma (Fig. 4 A) . In degenerating AD neurons, these vesicles were redistributed in association with intracellular NFTs, whereas other ER-related vesicles negative for PKN showed no change in cellular distribution (Fig. 4 B) . PKN was also concentrated in fine or coarse vesicles labeled for cathepsin D around the nuclei (Fig. 4C) . These results indicate that most of these vesicles are ER, late endosomes, or intermediates such as multivesicular bodies. Nonphosphorylated neurofilaments, phosphorylated neurofilaments, and MAP2 displayed no close association with PKN in AD neurons (data not shown).
Colocalization of PKN with abnormal tau in NFT
The association of PKN with developing NFTs was examined in AD hippocampus. In tangle-bearing neurons, PKN was localized in small vesicles clustering in association with the NFTs (Fig.  4 D,F ) . Moreover, PKN was colocalized within NFTs in fibrillar structures with abnormal tau having either the phosphoepitopes detected by AT8/180/270 antibodies (Fig. 1 D) or the intramolecular linkage recognized by antibody Alz50 (Carmel et al., 1996) (Fig. 4 F) . A tau-1-positive nonphosphorylated tau at Ser199 or Ser202 was highly expressed in a homogenous pattern in a subset of affected neurons, which were called pretangled neurons. In such damaged neurons, at the early stage of degeneration before NFT formation, PKN was densely packed in small vesicles (Fig.  4 E) , as it is in normal neurons (Fig. 4 A) . Ubiquitination of tau protein appears to be a late event in NFT development, because ubiquitination of PHFs occurs after the formation of NFTs (Bancher et al., 1991) . At such a late stage, fewer PK N-containing vesicles were associated with the ubiquitinated form of NFTs (Fig. 4G) . Extracellular ghost tangles, found after neuronal death, were decorated with the complement protein C4d (McGeer et al., 1989) but were not labeled for PKN (Fig. 4 H) .
Phosphorylation of tau protein by PKN
Recombinant PKN directly phosphorylated recombinant human tau in vitro, even in the absence of activator (Fig. 5A,B) . The phosphorylation was significantly potentiated by arachidonic acid, resulting in a decrease in the mobility on SDS-PAGE. The level of tau phosphorylation increased in a time-dependent manner up to ϳ2.5 or 4.5 mol of Pi per monomer of tau protein in the absence or presence of 40 M arachidonic acid (Fig. 5B) . A large molecular weight shift took place concomitantly with the phosphorylation. In vivo phosphorylation of tau was also found in the SK-N-MC human neuroblastoma cells expressing active forms of PKN, but not in the cells expressing an inactive variant of PKN (Fig. 5C ). The tau phosphorylated in vitro by PKN was immuno-4 of the dentate gyrus from AD hippocampus, some apical dendrites (arrowheads) positive for PK N made synapses (small arrows) on immunoreactive varicose fibers (asterisk). Many varicose and thin fibers (long arrows) were also stained for PK N, which was accumulated in the dystrophic axon (thick arrow). D, A senile plaque (SP) (demarcated by arrowheads) was weakly stained for PK N, but PK N was highly enriched in the degenerative neurites (thick arrows). Faintly stained cells with glial profiles surrounded the SP (curved arrow). E, Intracellular N F Ts (thick arrows) were strongly immunolabeled for PKN, as were degenerative neurites and neuropil threads in the subiculum of AD hippocampus. E xtracellular N F Ts were not labeled (thin arrows). A and B are at the same magnification. Scale bars: A, 25 m; C, D, 50 m; E, 100 m. A, In control neuron, the antibody to PK N labeled nucleoplasm weakly (arrowheads) at high magnification. The nuclear envelope (double arrowheads), endoplasmic reticulum (thick arrow), multivesicular bodies (arrows), microtubules (asterisk), and small vesicles were moderately to intensely immunostained. Mitochondrial labeling ( M ) was not consistent: the mitochondria ( M ) in B was not immunoreactive for PK N. B, cis-/medial /trans-Golgi compartments ( G) and trans-Golgi network, including secretory vesicles (arrowheads), were all strongly immunopositive. PK N was also found on many ribosomes. Note that a late endosome (arrow), f using to primary lysosome ( L), was immunolabeled for PK N. Lipof uscins were negative. C, In an asymmetric synapse, many synaptic vesicles in a presynaptic terminal (asterisk) were weakly immunoreactive; a spine apparatus (arrow) in the postsynapse was strongly stained for PK N. D, At lower magnification, many fine or coarse granular structures at the apical part of the perinuclear compartment (asterisk) and an intracellular N F T (black triangle) were intensely immunolabeled in a hippocampal pyramidal neuron. Top inset, Some of the abnormal filaments were markedly immunopositive for PK N (arrowheads), as were numerous vesicles 40 -80 nm in diameter (arrows) surrounding the filamentous structures in a N F T. Bottom inset, Such filaments were composed of two types of tubules: straight tubules (arrowheads) and twisted tubules with a periodic constriction (small arrows) occurring every ϳ80 nm, corresponding to paired helical filaments. green) . Numerous BiP-positive ER were scattered in cell bodies and apical dendrites of pyramidal neurons from a control hippocampus (A, green). A subset of these vesicles residing in the juxtanucleus and apical part of cell body and the proximal portion of apical dendrite was stained simultaneously for PK N and BiP ( yellow, arrow in A). In tangle-bearing neurons in AD hippocampus, such doubly labeled vesicles were translocated and associated with intracellular tangles (arrows in B). Nuclear translocation of PK N was occasionally seen in AD degenerating neurons (arrowheads in B). C, Double immunolabeling for PK N (red) and cathepsin D, a candidate tau protease or APP secretase ( green). Many small vesicles were doubly stained in the cytoplasm, especially in the perinuclear compartment of pyramidal neurons from AD hippocampus. Note that vesicles reactive for cathepsin D alone were near the cytoplasmic membrane (arrows), consistent with the report that cathepsin D is in early to late endosomes as well as in lysosomes in AD brain (C ataldo et al., 1997) . D-H, Double immunofluorescent labeling of tangles for PKN (red) and NFT constituents ( green). The AT8 monoclonal antibody recognized phosphoepitopes on tau in neuropil threads, degenerative neurites, and intracellular NFTs (D, green), which were decorated with many vesicles labeled for PK N (D, red). PK N and AT8 phosphoepitope were colocalized in filamentous structures within the cell soma (arrow) or within degenerative neurites (arrowheads). A similar pattern of filamentous structures within cell soma or degenerative neurites was seen in the staining with AT180 or AT270. PK N was localized in small vesicles within neurons overexpressing tau-1-positive nonphosphorylated tau (E, green). In F, PK N-containing vesicles (red) were seen within a vulnerable neuron (Figure legend continues) reactive with tau-1 but not with AT8, AT180, or AT270 antibodies on immunoblot analysis (Fig. 5D ), indicating that PK N did not phosphorylate the proline-directed phosphorylation sites recognized by these antibodies (Fig. 5E ).
DISCUSSION
The present study demonstrates that PK N phosphorylates tau protein and that neuronal PK N is highly enriched in a specific organelle, ER, around nucleus and is redistributed to ER-derived vesicles associated with Alzheimer N F Ts in AD-affected neurons.
PKN directly phosphorylates tau
PKN phosphorylates human tau protein both in vitro and in vivo. PKC, which has a catalytic domain homologous to the corresponding region of PK N and has been implicated in a broad spectrum of neuronal functions (Tanaka and Nishizuka, 1994) , phosphorylates tau at Ser324 in the third repeat of the microtubule-binding domain in vitro (Correas et al., 1992) . p110 mark (MARK), one of the other serine/threonine kinases phosphorylating tau, does so in vitro and in vivo at Ser262 in the first repeat (Drewes et al., 1995 (Drewes et al., , 1997 , resulting in disruption of the microtubule array followed by morphological changes and cell death (Drewes et al., 1997) . The sites of phosphorylation by PKN remain be determined. Phosphorylation of the microtubulebinding region of tau may play a pivotal role in the aggregation of tau into PHFs, because tau not bound to microtubules may be sequestered and polymerized and the microtubule-binding domains compose the framework of PHFs (Ksiezak-Reding and Yen, 1991; Wille et al., 1992) . PKN, a PKC-related kinase 1 (PRK1), located around NFTs (Figs. 2-4 ) may inhibit the inter- action of tau with microtubules and give rise to monomeric or polymeric tau molecules available for PHF formation.
PKN is enriched in a subset of granular ER in human neurons
Recent studies have indicated that ER may be particularly important in AD pathology (Cook et al., 1997; Hartmann et al., 1997; Yan et al., 1997) . Presenilins 1 and 2, whose mutations cause most early onset familial AD, are localized to the ER or early Golgi compartments (Kovacs et al., 1996) and have been suggested to interact directly with amyloid precursor protein (APP) in the ER (X ia et al., 1997) . The ER-derived vesicles reactive for PKN were localized in the juxtanuclear compartment in control neurons, whereas they were mainly redistributed to the periphery of the cytoplasm or to neurites and were associated with intracellular N F Ts in damaged AD neurons (Figs. 2 A,B, 4A,B) . This is the first evidence for the possible involvement of selected ER containing PK N in N F T formation.
The sorting or processing of APP and A␤ generation have been suggested to occur not only in the ER but also in the Golgi body, secretary pathway, synaptic vesicles, and endosomal -lysosomal system. Most of these organelles were also immunolabeled for PKN (Figs. 3B,C, 4C ). Thus, PK N might be involved in the dysfunctions of various organelles within degenerating AD neurons.
PKN is closely associated with NFTs at an early stage of their development
Tau protein, normally distributed in axons, shows translocation to cell bodies and dendrites in AD-affected neurons (Kowall and Kosik, 1987) . N F Ts are frequently seen in the perinuclear region, closely encircling the nuclei, and in proximal dendrites in tanglebearing neurons. An inverse change was observed in the distribution of PK N. PK N, normally concentrated in the juxtanuclear compartment, was redistributed predominantly to distal compartments or N F Ts in AD degenerating neurons, indicating likely sites for PK N to interact with tau, possibly leading to PHF formation (Figs. 2 B-E, 3D, 4B-F) . Colocalization of PKN with abnormal tau in N F T at an early stage provides the first evidence for the association with tangles in AD neurons of a nonprolinedirected kinase that is directly activated by lipid messengers, including arachidonic acid. Although PKC has a homologous catalytic domain to PK N, no N F T has been noted to be reactive for PKC. The structural difference in the regulatory domain between PK N and PKC may account for such distinct localization in AD brains. The colocalization of PK N with phosphorylated tau at proline-directed sites may indicate its involvement in the regulation of proline-directed kinases working on tau (Fig. 4 D) . The normal distribution of PK N in the perikarya and dendrites (Fig. 2 A) may contribute to the sorting of nonphosphorylated tau into axons by a regulation of its ability to bind to microtubules. The altered localization of PK N in AD axons (Fig. 2 B,C) may affect microtubule dynamics, leading to dysf unctions in axonal transport and synaptic transmission and inevitably to neuritic degeneration.
Redistribution of PK N may also affect the sequential or multiple phosphorylation of tau by other kinases, leading to the PHF formation, because it has been suggested that the hyperphosphorylation of tau precedes its polymerization into PHF (Bancher et al., 1991) . Recently a conformational alteration of tau, an intramolecular linkage detected by Alz50 (Wolozin et al., 1986) between the N terminus and the third microtubule-binding domain of tau, has also been found to precede the progressive modification and polymerization into abnormal filaments (Carmel et al., 1996; Jicha et al., 1997) . PKN was closely associated with abnormal tau immunoreactive with Alz50 (Fig. 4 F) , indicating the possible involvement of PKN in this conformational change of tau.
PHFs are seen not only in NFTs but also inside the nuclei (Metuzals et al., 1988) , where tau exits in normal neurons, indicating a role for tau in the production or function of ribosomes (Loomis et al., 1990) . PKN is also found in the neuronal nuclei in postmortem human brains (Figs. 2 A,B, 3A,D, 4B) , which is consistent with the translocation of PKN under stress from the cytosol to the nucleus in cultured fibroblasts (Mukai et al., 1996b) . These findings may indicate that PKN participates in signal transduction to the nucleus in neurons.
Remaining neurons were less in number but displayed higher immunoreactivity for PKN in AD than in control brains (Fig. 2) . Indeed, the protein level of PKN was approximately the same in control and AD brain tissues on immunoblot analysis (Fig. 1) , suggesting that PKN accumulates in surviving AD neurons. Although most members of the PKC family are activated by arachidonic acid at the high concentration of 100 -600 M (Kitagawa et al., 1995) , the activity of PKN is increased 2-to 18-fold by the lower, possibly physiological concentration of arachidonate (7-40 M), release of which is induced by phospholipase A2 during phospholipid hydrolysis. Excess release of arachidonic acid might occur in AD brain, resulting in PKN activation, because marked increases have been reported in the amount or activity of phospholipase A2 and in the levels of prostaglandins, which are arachidonate metabolites (Farooqui et al., 1997) . It is possible that overstimulation of PKN contributes to neurodegeneration in AD brains.
Thus, the phosphorylation of tau by PKN may play crucial roles in AD pathology by regulating the biological functions of tau in modulating neurite outgrowth and ribosomal function, as well as by modulating various cellular functions based on cytoskeletal responses to extracellular signals. The translocation of PKN associated with a subset of ER-derived vesicles toward NFTs may provide a molecular linkage between the ER, an organelle increasingly recognized as a key regulator in AD pathology, and PHF formation in degenerating AD neurons.
